MOTOR HAVING A ROTOR WITH INTERIOR 
SPLIT-PERMANENT-MAGNET 

FIELD OF THE INVENTION 
5 This application is a divisional of U.S. application Serial No. 09/471,375, filed December 
23, 1999. 

[0001 ] The present invention relates generally to a motor having a rotor with interior 

permanent magnets, more paiticulaily it relates to a motor with interior split-permanent- 

g magnets, such that it restrains eddy-currents from occurring and prevents demagnetization 

®) of the magnets. 

1/1 BACKGROUND OF THE INVENTIO N 

a 

pj [0002] Fig. 1 1 illusti ates a rotor with interior pennanent magnets of a conventional 

^ motor. The motor has rotor 3 1 0 in which pennanent magnets 3 1 2 are embedded, and rotor 
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3 10 is disposed in a stator (not shown) with concentrated wounds, so tliat tlie motor can be 
driven by not only magnet torque but also reluctance torque. This rotor-is hereinafter 
referred to as a "rotor with interior pennanent magnets". 
[0003] However this conventional motor has the following problems: 

Compared with a motor with a distributed-wound stator, a motor with a 
concenlrated-wound stator subjects itself to greater changes of magnetic flux interlinked with 
rotor 310 when the motor rotates. As a result, a large-eddy-cun-ent occurs in magnets 3 12 
embedded in the rotor, and thus the motor with a concentrated-wound stator is vulnerable to 
in-eversible demagnetization of the magnets. Meanwhile, the distiibuted-wound stator is 
25 structured in the following way: A slot is fonned between two stator-teeth, and a plurality 
of teeth thus foi-m a plurality of slots. Wounds striding over at least one slot are provided, 
and part of a wound of a phase exists between pitches of another phase wound. The 
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concentrated-wound stator, on the other hand, is structured by providing a wound of one 
phase to one stator tooth respectively. 

[00041 The reason why the motor having the concentrated-wound stator is vulnerable 

to demagnetization is detailed hereinafter. 
5 [0005] It is well known that eddy cuirent lost "W," is proportionate to a square of 

maximum operable magnetic-flux density "B„", and this relation can be expressed in tlie 
following equation. 

= P./t = { l/6p)} Tt^f B„.2 1^ [W/m'l 
wherein Pi = power consumption 
10b t = plate width interlinking with the magnetic flux 

p - P = resisting value proper to tlie pennanent magnet 

^ f = exciting frequency 

m 

Li [0006] Since the motor having the concentrated-wound stator is subjected to greater 
changes in magnetic flux running thi'ough the rotor, the maximum operable magnetic-flux 
15 density "B„" in the above equation becomes greater and thus eddy-current loss "W." grows 
larger. 

[0007] If a motor has the concenti-ated-wound stator, and yet, the perm^ment magnets 
are struck onto an outer wall of the rotor, the changes in magnetic-flux-dcnsity is not so large 
that the demagnetization of the magnets due to the eddy-current loss is negligible. In the 
20 motor liaving the concenti'ated-wound stator and a rotor in which the permanent magnets are 
embedded, the space between the magnet and the outer circumference of rotor core 314 
forms a path for the magnetic-flux to flow. The density of magnetic-flux from tlie stator 
changes depending on the position of stator teeth with regard to the magnets, so that 
magnitude of changes in the magnetic-flux-density at the patli is increased. As a result, 
25 eddy-cun-ent occurs in the magnets 3 12 embedded in rotor 3 10, thereby heating the magnet 
to produce iireversible magnetization of the magnet. 
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SUMMARY OF THE INVENTION 

[0008] The present invention addresses the problems discussed above and aims to 

provide a motor having a rotor witli interior-permanent-magnets. This rotor produces less 
5 eddy-cuirent and can prevent demagnetization of tlie pennanent magnets embedded in tlie 
rotor. 

10009] The motor of the present invention comprises tlie following elements: 

a rotor in which pennanent magnets are embedded, and 
1^ a stator of which teeth are wound by wounds in a concentrated manner, 

log [0010] The pei-manent magnets are split into magnet pieces, and insulating sections 

J are inserted into respective gaps between respective magnet pieces. This structure splits the 
^ magnets electrically, thereby restraining tlie eddy-current from occurring and then 
H= suppressing tlie demagnetization of the magnets embedded in the rotor. . 

15p BRIEF DESCRIPTION OF THE DRAWINGS 

H [0011] Fig. 1 is a cross-sectional view illusti ating a motor, having a rotor with interior 

pennanent magnets, in accordance with a first exemplary embodiment of the present 
invention. 

20 [0012] Fig. 2 is a perspective view of the permanent magnets to be embedded into the 

rotor of the motor shown in Fig. 1. 

[0013] Fig. 3 is a perspective view of pennanent magnets to be embedded into a rotor 

of a motor in accordance with a second exemplaxy embodiment of the present invention. 
[0014] Fig. 4 is a perspective view of peiTnanent magnets to be embedded into a rotor 

25 of a motor in accordance witli a third exemplaiy embodiment of the present invention. 
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[0015] Fig. 5 is a cross-sectional view illustrating a rotor of a motor, in which "I" 
shaped permanent magnets are embedded, in accordance with a fourth exemplary 
embodiment of the present invention. 

[0016] Fig. 6 is a cross-sectional view illusbating a rotor of a motor, in which 

5 permanent magnets are embedded, in accordance with a fifth exemplary embodiment. 

[0017] Fig. 7A is a perspective view of permanent magnets to be embedded into the 

rotor of tlie motor in accordance with the fifth exemplary embodiment. 

[0018] Fig. 7B is a front view of the permanent magnets shown in Fig. 7A. 

H [0019] Fig. 8A is a perspective view of permanent magnets to be embedded into a 

O 

ICQ rotor of a motor in accordance with a sixth exemplaiy embodiment. 

O 

^ [0020] Fig. 8B is a front view of the permanent magnets shown in Fig. 8 A. 

in [0021] Fig. 9 is a perspective view of peimanent magnets to be embedded into a rotor 

^ of a motor in accordance with a seventh exemplary embodiment. 

^ [0022] Fig. 10 is a block diagram of an electric veliicle in which the motor of the 

ISQ present invention is mounted. 

O [0023] Fig. 1 1 is a cross-sectiononal view illusti ating a conventional motor having a 

rotor with interior permanent magnets. 



DETAILED DESCRIPTION OF THE INVENTION 

20 

[0024] Exemplaiy embodiments of the present invention are demonstrated 

hereinafter with reference to the accompanying drawings. 
[0025] (Exemplaiy Embodiment 1) 

[0026] Fig. 1 is a cross sectional view illustrating a motor, having a rotor with interior 

25 permanent magnets, in accordance with tlie first exemplary embodiment of the present 
invention, and Fig. 2 is a perspective view of the permanent magnets to be embedded into 
tlie rotor of the same embodiment. 
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[0027] InFig. 1, motor 10 includes a rotor 14 with interior permanent magnets 12, and 

stator 15 facing the rotor 14 via an annular space. Respective teetli 17 of stator 15 are wound 
by wounds 1 8 in a concenti-ated manner, i.e. concentrated woimds are provided on respective 
teeth. 

5 [0028] Rotor 14 comprises the following elements: 

a rotor core laminated with a plurality of steel plates; 

permanent magnets 12 embedded into slots axially provided; and 

a rotating shaft 16 extending through a center of tlie rotor core. Thus, the rotating 

M shaft 16 provides tlie rotor 14 with an axis of rotation. 

b 

1 Op [0029] Respective magnets 1 2 have a shape protruding toward the center of the rotor 

^ core. As such; tlie magnets are embedded in the rotor so that rotor 4 can produce respective 

® directions for magnetic flux to flow with ease and with difficulty. An inductance ratio in 

y s 

respective directions can be thus obtained, and it is called a salient pole rate. 

s 

[0030] A rotor polarity is foiTned between magnets 12 and an outer wall of the rotor 

15p core which magnets 12 face. The magnetic-flux from a pennanent magnet flows with ease 
^ through tlie section covering the rotor polarity, and this flowing direction is called "d axis". 
On tlie other hand, the magnetic-flux flows with difficulty through a sect^0Il covering a 
boundary between two adjacent magnets, and this flowing direction is called "q axis". 
[0031] Stator 15 is fonned by linking twelve stator-blocks 19 to each otlier in an 

20 annuhu- shape. Each stator block 19 comprises teeth 17 wound by wounds 18 in the 
concentrated manner, and the blocks are welded to foim a ring. In tlie case of a tliree-phase 
and eight-pole motor, for instance, wounds are provided on a first four teetli, and these teeth 
are coupled with each other thereby foiming phase "U". In tlie same manner, the wounds 
provided on the second four teeth on the right side of the respective first four teeth discussed 
25 above are coupled with each other thereby foiming phase "V". Fuither, the wounds provided 
on the third four teeth on the left side of the first four teeth ai'e coupled with each other 
tliereby forming phase "W". Stator 15 thus foims three-phase with concentrated wounding. 
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[0032] In motor 10 constioicted above, the magnetic flux generated by magnet 1 2, i.e. 
tlie magnetic flux produced by tlie rotor-magnetic-poles, travels to teeth 17 of the stator via 
tlie annulai' space thereby contiibuting to the torque production. This motor has the 
salient-pole-rate and conti-ols the current-phases to be optimal by current, thereby driving 
5 itself not only by the magnet torque but also by the reluctance torque. 

[0033] One of the features of the present invention is a metliod of embedding tlie 

permanent magnets into the rotor. Magnets 12 to be embedded into rotor 14 in the first 
exemplaiy embodiment are detailed hereinafter. 

[0034] As shown in Fig. 2, each magnet 12 is split into two magnet pieces 13 in the 
]p axial direction of rotor 14. Each two magnet pieces 13 are embedded into one single hole 
O provided in^ rotor 14, thereby foiTning each magnet 12. Epoxy resin of an electrically 
S3 insulating type, used as a coating material, is applied to the overall surface of each magnet ' 

m 

H piece 1 3 . If magnet pieces 1 3 are stacked-up, each piece is electrically insulated and tlaey can 
form an independent circuit. A space between respective stacked-up magnet pieces 13 is not 
^ less than 0.03 mm, coixesponding to the thickness of coating material applied to the magnet 
p pieces. 

^ [0035] The two magnet pieces 13 arc embedded adjacently with each' other into the 
hole of the rotor core so that magnet 12 is split into two sections facing stator 15. Respective 
magnet pieces 13 are ari'anged in the following way: 

20 [0036] Respective magnetic-fluxes generated from two magnet pieces embedded in 

one hole flow in the same direction with regard to the outer wall of the rotor to which these 
two magnet pieces face. Another pair of magnet pieces embedded in a hole adjacent to the 
hole discussed above generate the magnetic flux in the direction reversed to the direction of 
the magnetic flux discussed above. For instance, two magnetic pieces embedded in one hole 

25 face tlie outer wall of the rotor with poles "N", then another pair of magnet pieces embedded 
in the hole adjacent to this hole should face the outer wall with poles "S". 
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[0037] The space between the two magnet pieces is not necessarily filled with resin, 

and it can be filled with any electiically-insulating-matcrial, or can include an air-gap. 
[0038] Magnet 12 is split by a plane facing toward stater 15, thereby reducing the 
eddy current produced in magnet 12. The plane extends from the rotor center toward tlie 
5 stator. This is because of the following reason: 

[0039] Since teeth 17 are wound by concentrated wounds 18, stator 15 receives greater 
changes in tlie density of magnetic-flux supplied from teeth 17. The maximum operable 
magnetic-flux-density B„ expressed in the equation discussed previously tlius grows greater. 
This change in the magnetic-flux density produces the eddy cuiTent in each magnet 12. In 
0 this first exemplary embodiment, each magnet 12 embedded in rotor 14 is split into two 
magnet pieces 13, and epoxy resin, which is non-magnetic material, is put between tliese two 
m pieces, thereby dividing magnet 12 not only physically but also electrically. As a result, the 
production of an eddy current is restrained by narrowing the width "t" of a plate interlinking 
with the magnetic flux in the equation discussed previously, 
gs [0040] (Exemplaiy Embodiment 2) 

[0041] Fig. 3 is a perspective view of pennanent magnets to be embedded into a rotor 

of a motor in accordance with the second exemplary embodiment of the present invention. 
This second embodiment differs from the first one in tlie way of splitting the magnet; and 
otherwise remains the same. 
20 [0042] In the first embodiment, the magnet is split into two pieces in the axial 

direction, however magnet 22 in this second embodiment is split into five pieces in the axial 
direction, and this produces the same advantage as produced in the first embodiment. 
[0043] (Exemplaiy Embodiment 3) 

[0044] Fig. 4 is a perspective view of pennanent magnets to be embedded into a rotor 

25 of a motor in accordance with the third exemplary embodiment of the present invention. Tliis 
third embodiment differs from tlie first one in the way of splitting the magnet, and otherwise 
remains the same. 
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[0045] In tlie first embodiment, the magnet is split into two pieces in the axial • 
direction, however magnet 32 in this tliird embodiment is split into tliree pieces in a vertical 
direction with regard to the axial direction, and this produces the same advantage as 
produced in the first embodiment. 

[0046] The first, second and third embodiments prove that the magnets split into 

pieces along planes facing the stater can restrain the production of eddy currents. 
[0047] (Exemplary Embodiment 4) 

[0048] Fig, 5 is a cross section illustrating a rotor of a motor, in which "I" shaped 

permanent magnets are embedded, in accordance with the fourth exemplary embodiment of 
the present invention. This fourth embodiment differs from the previous embodiments 1 - 3 
in the shape of magnet. In the previous embodiments, the magnet is in a "V" shape, however, 
magnet 42 in tlie fourth embodiment is shaped like the letter "I". 
^ [0049] In Fig. 5, each magnet 42 fonned by two magnet pieces aligned in an "I" shape 

is inserted into each hole provided in rotor 44. Electrically insulating material is put between 
the two pieces, or an air gap can be used to electrically insulate the two pieces. The fourth 
p embodiment can produce the same advantage as produced in the first embodiment. 
^ [0050] Regarding the shape of the magnet, the embodiments 1 - 3 employ a "V" shape, 

and this fourth embodiment employs an "I" shape, however, the shape can be an arc being 
bowed toward the rotor center. 
20 [0051] (Exemplary Embodiment 5) 

[0052] Fig. 6 is a cross sectional view illustrating a rotor of a motor, in which 

permanent magnets are embedded, in accordance with the fifth exemplary embodiment. Fig. 
7A is a perspective view of the pennanent magnets to be embedded into tlie rotor of the 
motor in accordance witli the fifth exemplaiy embodiment, and Fig. 7B is a front view of tlie 
25 pennanent magnets shown in Fig. 7A. 
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[0053] In Fig. 6, pennanent magnets 52 are embedded in rotor 54, and rotary shaft 56 
extends tlirough the rotor center. This motor has a stator (not shown) disposed around rotor 
54 via an annular space. 

[0054] Magnet 52 is formed by laminating a plurality of rare-earth-sintered- magnet 
pieces. Air gaps 58 are provided between respective magnetic pieces. Magnet 52 is bowed 
toward the rotor center. 

[0055] Magnet 52 is further detailed with reference to Figs. 7A and 7B. 

10056] Magnet 52 comprises a rarc-carlh-sinlcrcd magnet. In general, the 

rare-eai1h-sintered magnet is coaled on its surface in order to avoid coiTosion. Magnet 52 is 
formed by laminating six pieces of this rare-earth-sintered magnet. Two or more than two 
protrusions-aie provided on the respective faces laminated so that air gaps 58, as insulating 
layers, are provided for each magnet piece. The total area of the protrusions formed on each 
magnet piece should be smaller than the area of the face laminated, e.g. not more than 10% 
of the face laminated. The number of magnet pieces is not limited to six but other plural 
numbers are acceptable as far as they can provide air gaps between each magnet piece. 
[0057] As such, since magnet 52 has insulating layers (air gaps) between respective 
magnet pieces making up magnet 52, it is difficult for cuiTent to i-un tlu-ough inagnet 52. As 
a result, the production of an eddy cuirent is resti-ained. Meanwhile, magnet 52 employs a 
conductive coating material to avoid conosion, however, tlie material can be an insulating 
one, or further, respective air gaps can be filled with insulating resin thereby enhancing die 
sti ength of magnet 52. The protrusions fonned on each magnet piece can be made from 
another material and disposed on each magnet piece. Electrically insulating material among 
others for forming the proti-usions can produce the advantage distinctly. 
[0058] (Exemplaiy Embodiment 6) 

[0059] Fig. 8A is a perspective view of permanent magnets to be embedded into a 
rotor of a motor in accordance with the sixtli exemplaiy embodiment, and Fig. 8B is a front 
view of the pennanent magnets shown in Fig. 8A. 



[0060] This sixth embodiment differs from the fifth one in the way of splitting the 
magnet, and othei-vvise remains the same. 

[0061] In the fifth embodiment, the magnet is split into six pieces in the axial 

direction, however, magnet 62 in this sixth embodiment is split into tliree pieces in a vertical 
5 direction with regard to tlie axial direction. The sixtli embodiment can produce the same 
advantage as produced in the fifth one. 
[0062] (Exemplaiy Embodiment 7) 

[0063] Fig. 9 is a perspective view of permanent magnets to be embedded into a rotor 
of a motor in accordance with the seventh exemplary embodiment of the present invention. 

s » 
pis 

plO [0064] This seventh embodiment differs from the fifth one in the way of splitting tlie 
p magnet, and otherwise remains the same. 

^ [0065] In the fifth embodiment, the magnet is split into six pieces in the axial 

^ direction, however, magnet 72 in this seventh embodiment is split into three pieces in a 

^ rotating direction, and a center piece of the tlu'ee pieces is further split into five pieces in the 

gl5 axial direction. The seventh embodiment can produce the same advantage as produced in the 

N fifth one. 

P 

[0066] When rare-earth-sintered magnets are used as interior permanervt magnets in 
the rotor, splitting the magnet affects the advantage distinctly because a rare-eartli-sintered 
magnet has less electrical resistance and, it is easier for current to run therethrough as 

20 compared to a fenite magnet. (The specific resistance of the feixite magnet is not less than 
10-"^ n • m, and that of the rare-earth-sintered magnet is not less tlian 10-^ Q • m.). In other 
words, when the same magnitude of change in the magnetic-flux-density is applied from 
outside to the magnet, the rare-earth-sintered magnet allows the eddy current to run tlirough 
more than 100 times in volume than the fen ite magnet does. Thus tlie split of such a magnet 

25 effectively restrains the production of an eddy current. 

[0067] A driving control of the motor is demonstrated hereinafter, which motor 

includes the rotor with the interior magnets of the present invention. 
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[00681 A motor with a stator wound by concentrated wounds produces greater changes 

in tlie magnetic-flux-density when the motor is driven under a magnetic-field control. In the 
motor having a rotor with interior pennanent magnets, tlie magnetic-flux runs tlu-ough tlie 
space between the magnets and the outer circumference of the rotor core, and tlius tlie 
magnetic-flux is distiibuted unevenly between tlie rotor and tlie stator. 
[0069] The magnetic-field control applies an inverse magnetic-field to the motor so 
that the magnetic-flux produced by tlie magnet can be counteracted, and tlierefore, this 
control method produces greater changes in the magnetic-flux than does a regular control 
method. Further, the inverse magnetic-field narrows tolerance for irreversible 
demagnetization, and this produces a possibility of demagnetization at a temperature which 
is a matter of little concern in a nonnal condition. The magnetic-field-control thus produces 
^ distinctly an advantage of damping the heat generated by the eddy current, 

[0070] It is preferable to restrain the production of an eddy current as well as the 

^ heat-generation from the eddy current by splitting tlie magnet, and this shows distinctly its 

M effect when the motor is under magnclic-field-control. 

O 

SI [0071] The motor used in the embodiments discussed above is an inner-rotor type, i.e. 

O . . . . 

a rotor is disposed inside a stator, however, an outer-rotor type, i.e. a rotOr is disposed 

outside a stator, and a linear motor, i.e. a rotor moves linearly with regard to a stator, produce 

tlie same advantages. 

20 [0072] As the exemplary embodiments discussed previously prove that the motor with 

interior pennanent magnets of the present invention can restrain tlie production of an eddy 
current and dampen the demagnetization, because the magnet is electrically split and tlius an 
area of each magnet facing the stator becomes narrower. The motor under the magnetic-field 
control can further dampen the demagnetization. 

25 [0073] (Exemplary Embodiment 8) 

[0074] Fig. 10 is a block diagram of an electi ic vehicle in which the motor of tlie 
present invention is mounted. 
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[0075] Body 80 of the electric vehicle is supported by wheels 81. This vehicle 
employs a front-whecl-drive method, so that motor 83 is directly connected to 
front-wheel-shaft 82. Motor 83 includes a stator wound by concenti-ated wounds and having 
interior pennanent magnets as described in the exemplary embodiments previously 
5 discussed. Controller 84 contiols the driving torque of motor 83, and battery 85 powers 
controller 84 and further powers motor 83. Motor 83 is thus driven, which then rotates 
wheels 81. 

[0076] In this eighth embodiment, the motor is employed to drive tlie wheels of the 

H electric vehicle. The motor can be employed also to drive wheels of an electric locomotive 

O 

o 
o 

m 
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